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Clinical PerspectiveWhat Is New?Mice deficient in insulin‐like peptide 6 (INSL6), a member of the relaxin protein family, exhibit greater cardiac pathological features after the continuous infusion of angiotensin II or isoproterenol.Administration of a chemically synthesized INSL6 peptide protects murine heart from pathological cardiac remodeling induced by isoproterenol.Insl6/INSL6 functions in part through the modulation of cardiac fibrosis.What Are the Clinical Implications?INSL6, as well as other members of the relaxin family of proteins, may be useful for the treatment of heart failure.

Introduction {#jah33244-sec-0008}
============

Insulin‐like peptide 6 (INSL6) is a hormone that belongs to the insulin/insulin‐like growth factor/relaxin peptide superfamily. This family is characterized by a common 3‐domain structure, and it plays crucial roles for metabolic regulation, growth, and reproduction.[1](#jah33244-bib-0001){ref-type="ref"} Proteins in this family are composed of a variable‐length C‐peptide that separates A‐ and B‐chain peptides and a signal peptide that is linked to a B‐chain peptide. The A‐ and B‐chain peptides are relatively invariant within the family, and they contain highly conserved cysteine motifs. For most family members, mature hormones are processed by proteolytic cleavage of C‐peptide and signal peptide, and the A‐ and B‐chain peptides are connected by 2 interchain and 1 intrachain disulfide bonds.[2](#jah33244-bib-0002){ref-type="ref"}, [3](#jah33244-bib-0003){ref-type="ref"}

The relaxin/insulin‐like peptide subfamily can be distinguished from the insulin/insulin‐like growth factor peptides by differences in their signaling mechanisms. Although insulin and insulin‐like growth factors use tyrosine kinase receptors, most members of the relaxin/INSL subfamily are believed to act on G‐protein coupled receptors. Humans encode 7 relaxin/INSL proteins.[2](#jah33244-bib-0002){ref-type="ref"}, [4](#jah33244-bib-0004){ref-type="ref"} They include ovarian relaxin, also referred to as human relaxin‐2, human relaxin‐1, human relaxin‐3, and INSL3‐6. The common ancestral gene appears to be INSL3, producing other subfamily members through evolutionary gene duplication mechanisms.[2](#jah33244-bib-0002){ref-type="ref"} The relaxin/INSL family proteins tend to be expressed in reproductive tissues,[4](#jah33244-bib-0004){ref-type="ref"} although relaxin‐3 and INSL5 are highly expressed in nongonadal tissues, including the brain and gut, respectively.

Among the relaxin/INSL subfamily of proteins, relaxin‐2 has been investigated to the greatest extent. Relaxin‐2 was originally identified as a peptide hormone that is elevated in the ovary, placenta, and blood of pregnant females.[5](#jah33244-bib-0005){ref-type="ref"} Relaxin‐2 is also expressed by the brain, kidney, and heart at lower levels,[6](#jah33244-bib-0006){ref-type="ref"} where it is believed to have a fundamental role in conditioning the reproductive organs and, perhaps, the adaptation of the cardiovascular system to pregnancy.[7](#jah33244-bib-0007){ref-type="ref"}, [8](#jah33244-bib-0008){ref-type="ref"}, [9](#jah33244-bib-0009){ref-type="ref"}, [10](#jah33244-bib-0010){ref-type="ref"} *RLN2* gene expression is detected in human heart and is downregulated in chronic heart failure.[11](#jah33244-bib-0011){ref-type="ref"} The relaxin family peptide receptor 1, the receptor of human relaxin‐2, is also expressed in the reproductive organs as well as the heart, arteries, kidney, lung, liver, and brain.[6](#jah33244-bib-0006){ref-type="ref"} On the basis of these findings, the cardiovascular functions of relaxin‐2 have been explored in various models involving both female and male animals. Several cardioprotective roles have been assigned to relaxin‐2, including vasodilatation, inhibition of fibrosis, inhibition of apoptosis, promotion of angiogenesis, and anti‐inflammation actions.[12](#jah33244-bib-0012){ref-type="ref"} Among these, the antifibrotic actions of relaxin‐2 are commonly reported. For example, aging relaxin‐2--deficient male mice display increased cardiac collagen deposition and diastolic dysfunction.[13](#jah33244-bib-0013){ref-type="ref"} Relaxin‐2 overexpression by systemic adenovirus delivery attenuates cardiac collagen deposition in mice that overexpress the β2‐adrenergic receptor.[14](#jah33244-bib-0014){ref-type="ref"} Moreover, the antifibrotic actions of recombinant human relaxin‐2 have been demonstrated in various cardiac disease models, including myocardial infarction,[15](#jah33244-bib-0015){ref-type="ref"} diabetic cardiomyopathy,[16](#jah33244-bib-0016){ref-type="ref"} and isoproterenol‐induced cardiac injury,[17](#jah33244-bib-0017){ref-type="ref"} and in the spontaneously hypertensive rat.[18](#jah33244-bib-0018){ref-type="ref"}

In contrast to relaxin‐2, characterization of other members of the relaxin/INSL subfamily is relatively limited. INSL6 is predominantly expressed in testis, and homozygous INSL6‐deficient male mice are infertile.[19](#jah33244-bib-0019){ref-type="ref"} Previously, we documented the upregulation of INSL6 in the growing skeletal muscle of mice that were genetically modified to express constitutively active protein kinase B in this tissue.[20](#jah33244-bib-0020){ref-type="ref"}, [21](#jah33244-bib-0021){ref-type="ref"} INSL6 expression is also upregulated in mouse skeletal muscle after cardiotoxin‐induced skeletal muscle injury, and adenovirus‐mediated overexpression of INSL6 facilitates muscle regeneration in this model.[20](#jah33244-bib-0020){ref-type="ref"} In a model of experimental autoimmune myositis, INSL6‐deficient mice display greater motor function impairment, whereas INSL6 overexpression protects muscle from dysfunction.[22](#jah33244-bib-0022){ref-type="ref"}

Although similar to relaxin‐2 in overall structure, INSL6 shares only 43.1% homology to relaxin‐2 at the amino acid level. Despite this low level of homology, clinical and experimental investigations into the cardioprotective roles of relaxin‐2/serelaxin led us to assess the role of INSL6 in murine cardiac injury models. Using a genetic loss‐of‐function model and the delivery of recombinant Insl6 protein, we find that Insl6 protects against pathological cardiac remodeling and fibrosis. These data suggest that INSL6 and possibly other members of the relaxin/Insl family can have utility in the treatment of heart failure.

Methods {#jah33244-sec-0009}
=======

The data, analytical methods, and study materials will be/have been made available to other researchers for the purposes of reproducing the results or replicating the procedures. The authors declare that all supporting data are available within the article and its online supplementary files.

Experimental Animals {#jah33244-sec-0010}
--------------------

Insl6‐knockout mice were generated as previously described.[19](#jah33244-bib-0019){ref-type="ref"} Briefly, exon 1 of the Insl6 gene is replaced by the PGK‐neomycin cassette. Insl6 knockout mice were backcrossed with C57BL/6N \>6 times in the animal facility at Boston University (Boston, MA), and a nearly homogeneous strain background (99.5% for C57BL/6) was confirmed by Jackson Laboratory\'s Genome Scanning Service. Because male infertility has been reported,[19](#jah33244-bib-0019){ref-type="ref"} Insl6^+/−^ heterozygous male and Insl6^−/−^ female mice were used for breeding. Insl6^+/+^ male and Insl6^+/+^ female mice of the same background were bred as control groups. C57BL/6N mice were purchased from Charles River Laboratories. All animal studies were performed with 8‐ to 12‐week‐old male mice. Study protocols were approved by the Institutional Animal Care and Use Committee at Boston University.

Cardiac Injury Models {#jah33244-sec-0011}
---------------------

The isoproterenol‐induced cardiac injury model was used, as previously reported.[23](#jah33244-bib-0023){ref-type="ref"}, [24](#jah33244-bib-0024){ref-type="ref"}, [25](#jah33244-bib-0025){ref-type="ref"} Briefly, isoprenaline hydrochloride (I5627; Sigma‐Aldrich) dissolved in sterile saline at 50 mg/mL was filtered via a 20‐μm filter. Aliquots of stock solution were stored in the dark in a −20°C freezer. The working solution was freshly prepared with diluting stock solution containing sterile saline. Isoproterenol (50 mg/kg per day; total, 100 μL) was injected IP once a day for 14 days. The control group received same amount of sterile saline. The angiotensin II (AngII)--induced cardiac injury model was performed, as previously reported.[26](#jah33244-bib-0026){ref-type="ref"}, [27](#jah33244-bib-0027){ref-type="ref"}, [28](#jah33244-bib-0028){ref-type="ref"}, [29](#jah33244-bib-0029){ref-type="ref"}, [30](#jah33244-bib-0030){ref-type="ref"}, [31](#jah33244-bib-0031){ref-type="ref"} Human AngII protein (A9525; Sigma‐Aldrich) was dissolved with sterile saline. The AngII solution (2 mg/kg per day) was administrated to mice subcutaneously for 14 days via an ALZET osmotic pump (model 1002; Durect). A pump with sterile saline was implanted in the control group. All mice were euthanized at 14 days. Recombinant human INSL6 protein was chemically produced using fluorenylmethyloxycarbonyl‐based solid‐phase peptide chemistry and a regioselective disulfide bond construction protocol, as previously described.[32](#jah33244-bib-0032){ref-type="ref"} INSL6 protein (50--70 nmol/kg per day) was infused into mice SC using an ALZET osmotic pump (model 2002; Durect). The osmotic pump with vehicle (pH 8.5, ammonium bicarbonate) was implanted in the control group. All isoproterenol model studies in Insl6‐knockout and INSL6 protein were performed in a blinded manner by ≥2 experienced researchers. Specifically, the assignment of mice to experimental groups and pump preparation was performed by one unblinded researcher, and a different blinded researcher obtained data from each experimental group. Group identities were revealed after all analyses were completed.

Echocardiography and Blood Pressure Measurements {#jah33244-sec-0012}
------------------------------------------------

Cardiac function of mice was assessed at day 13 after isoproterenol or AngII administration by echocardiography using a Vevo2100 machine with a 550 probe and a Vevo770 machine using a 707B probe (VisualSonics). Mice were lightly anesthetized with isoflurane. An examination was performed with heart rate at 450 to 550 beats per minute, and we excluded mice that were significantly affected by anesthesia. Left ventricular (LV) internal diastolic dimension and LV internal systolic dimension were measured from M‐mode images obtained by LV short‐axis view. LV systolic function was assessed by fractional shortening (FS) and ejection fraction (EF). FS was obtained from M‐mode by short‐axis view, and EF was obtained from B‐mode by tracing of LV long‐axis view. Except for the EF measurements, 3 measured values per mouse were used for statistical analysis. Mouse blood pressure was measured at 12 days after isoproterenol or AngII administration by tail cuff method using BP‐2000 Blood Pressure Analysis System (Visitech Systems, Inc). The median systolic blood pressure was calculated from 15 to 20 measured values for each mouse.

Histological Features {#jah33244-sec-0013}
---------------------

Heart samples were obtained at 14 days after isoproterenol or AngII administration or 11 days after coadministration of recombinant INSL6 protein and isoproterenol. Cardiac fibrosis was assessed by Picrosirius Red staining, as previously reported.[33](#jah33244-bib-0033){ref-type="ref"} Briefly, paraffin‐embedded hearts were sectioned by microtome for a 6‐μm thickness. The sections were deparaffinized, rehydrated, and incubated with freshly prepared Picrosirius Red staining buffer (1.2%/w picric acid in water, 0.1%/w Fast Green FCF, and 0.1%/w Direct Red 80 solved in PBS) for 1 hour at room temperature. Then, sections were washed with distilled water and dehydrated. The sections were mounted by coverslip using Permount mounting medium (Fisher Scientific). The images were produced by a light microscope (BZ‐9000; Keyence). Cardiac fibrosis was assessed from the 3 most severe images per mouse in the isoproterenol model. Fibrosis in the AngII model was assessed with whole heart sections to measure perivascular fibrosis and interstitial fibrosis patterns. Fibrosis was quantified using Photoshop software.

RNA Extraction and Analysis {#jah33244-sec-0014}
---------------------------

Heart LV samples harvested at 14 days from the different experimental groups were snap frozen. An RNeasy Lipid Tissue Mini kit (Qiagen) was used to extract mRNA with a Qiacube machine, according to the manufacturer\'s protocol. Alternatively, samples were homogenized in 1 mL of TRIzol reagent with stainless steel beads using TissueLyser II (all from Qiagen) and extracted, as described previously.[34](#jah33244-bib-0034){ref-type="ref"} The concentration of RNA was measured using a NanoDrop 1000 (Thermo Scientific). Extracted RNA (1 μg) was reverse transcribed to cDNA by QuantiTect Reverse Transcription kit (Qiagen), according to the manufacturer\'s protocol. Real‐time quantitative reverse transcription--polymerase chain reaction was performed by ViiA TM7 Real Time PCR system (Applied Biosystems) with Power SYBR Green PCR Master Mix (Applied Biosystems). The relative levels of transcript were determined by using Δ‐Δ Cycle threshold methods. Each target gene level was normalized by *18S* and *36B4*. Primer sequences are shown in Table [1](#jah33244-tbl-0001){ref-type="table"}. For gene expression profiling, 3 pooled RNA samples for sham, isoproterenol with vehicle, and isoproterenol with INSL6 protein were sent to the Boston University core facility for processing. Briefly, RNA samples were amplified, labelled, and hybridized on Affymetrix mouse Gene Expression Array 2.0, per the manufacturer\'s instructions. Microarray data processing for gene‐level expression values was performed, as previously described,[35](#jah33244-bib-0035){ref-type="ref"} and deposited into the Minimum information about a microarray experiment (MIAME)‐compliant National Center for Biotechnology Information Gene Expression Omnibus with accession number [GSE102612](GSE102612) (Reviewer Token: ezahmywmlvwprsr). Genes with a fold change \>1.5 or \<−1.5 by isoproterenol (sham versus isoproterenol with vehicle) or INSL6 protein treatment (isoproterenol with vehicle versus isoproterenol with INSL6) were uploaded to Ingenuity Pathway Analysis (Qiagen) for canonical pathway analysis and comparison analysis. Pathways with --log(Benjamini‐Hochberg multiple testing correction *P* value) ≥10 and absolute *Z* score ≥1 were considered significantly enriched pathways.

###### 

Primer Sequences

  Gene Name   Forward Primer                            Reverse Primer
  ----------- ----------------------------------------- ---------------------------------------
  *nppa*      5′‐AAG AAC CTG CTA GAC CAC CTG‐3′         5′‐TGC TTC CTC AGT CTG CTC AC‐3′
  *nppb*      5′‐CAA GGC CTC ACA AAA GAA CA‐3′          5′‐ATC CGA TCC GGT CTA TCT TG‐3′
  *Tgfb1*     5′‐GTG CGG CAG CTG TAC ATT GAC TTT‐3′     5′‐TGT ACT GTG TGT CCA GGC TCC AAA‐3′
  *Col1a1*    5′‐GGG TCT AGA CAT GTT CAG CTT TGT G‐3′   5′‐ACC CTT AGG CCA TTG TGT ATG C‐3′
  *Col1a3*    5′‐AGG CTG AAG GAA ACA GCA AA‐3′          5′‐TAG TCT CAT TGC CTT GCG TG‐3′
  *36b4*      5′‐GCT CCA AGC AGA TGC AGC A‐3′           5′‐CCG GAT GTG AGG CAG CAG‐3′
  *18S*       5′‐CTT AGA GGG ACA AGT GGC G‐3′           5′‐GGA CAT CTA AGG GCA TCA CA‐3′

Statistical Analysis {#jah33244-sec-0015}
--------------------

All results are presented as mean±SD using GraphPad Prism 5 and 6 (GraphPad Software). Statistical analyses were performed using SPSS Statistics 20 (IBM) and GraphPad prisms. Distribution of data (data of normality) was analyzed using a Shapiro‐Wilk test. Then, data with a normal distribution were analyzed using parametric analysis. For treatment and genotype effect comparison, 2‐way ANOVA was performed, and post hoc multiple comparison was performed by Sidak\'s test or Tukey\'s test (Figures [1](#jah33244-fig-0001){ref-type="fig"}C through [1](#jah33244-fig-0001){ref-type="fig"}E, [2](#jah33244-fig-0002){ref-type="fig"}, [3](#jah33244-fig-0003){ref-type="fig"}B, [3](#jah33244-fig-0003){ref-type="fig"}C, [4](#jah33244-fig-0004){ref-type="fig"}C through [4](#jah33244-fig-0004){ref-type="fig"}E, [5](#jah33244-fig-0005){ref-type="fig"}B, and [5](#jah33244-fig-0005){ref-type="fig"}C, Tables [2](#jah33244-tbl-0002){ref-type="table"} and [3](#jah33244-tbl-0003){ref-type="table"}. For 2‐group comparison, the unpaired *t* tests with Welch\'s correction were performed (Figures [6](#jah33244-fig-0006){ref-type="fig"}C through [6](#jah33244-fig-0006){ref-type="fig"}E, [7](#jah33244-fig-0007){ref-type="fig"}B, and [7](#jah33244-fig-0007){ref-type="fig"}C, Table [4](#jah33244-tbl-0004){ref-type="table"}). *P*\<0.05 was considered statistically significant.

![Exacerbated cardiac systolic dysfunction in insulin‐like peptide 6--knockout (Insl6‐KO) mice in the angiotensin II (AngII) infusion model compared with wild type (WT). A, Timeline for AngII infusion model for Insl6‐KO (KO) mice and littermate control WT mice. B, Representative M‐mode images of left ventricle by echocardiography at 13 days of saline (Sham) or AngII infusion. C, Cardiac function and morphological parameters by echocardiography measurements; left ventricular diastolic dimension (LVDd), left ventricular systolic dimension (LVDs), fractional shortening (FS), and ejection fraction (EF) are shown. D, Absolute wall thickness and relative wall thickness are calculated from echocardiogram measurements. E, Relative transcript levels of *Nppa* and *Nppb* in hearts assessed by real‐time quantitative polymerase chain reaction. Error bars represent mean±SD (n=12 for each mouse genotype in sham group, n=16 for each mouse genotype in AngII group). BP indicates blood pressure. \**P*\<0.05, \*\**P*\<0.005, \*\*\**P*\<0.001 indicate significant differences between sham and AngII group in the same mouse strain. ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.005, ^\#\#\#^ *P*\<0.001 indicate significant difference between WT and KO.](JAH3-7-e008441-g001){#jah33244-fig-0001}

![Decreased angiotensin II (AngII)--induced cardiac myocyte (CM) hypertrophy in insulin‐like peptide 6--knockout (KO) mice. Relative increase (fold change) of cross‐sectional area of CMs in left ventricle. The hearts were harvested at day 14. Error bars represent mean±SD (n=12 per group). WT indicates wild type.](JAH3-7-e008441-g002){#jah33244-fig-0002}

![Increased cardiac fibrosis in insulin‐like peptide 6--knockout (KO) mice in the angiotensin II (AngII) infusion model compared with wild‐type (WT) mice. A, Fibrosis of the heart in the AngII model is shown by Picrosirius Red staining. Representative images of fibrosis in the entire heart section (top), left ventricle (middle), and perivascular area (bottom). The scale bar indicates 1 mm (top), 100 μm (middle), and 200 μm (bottom). B, Fibrosis quantification for each categorized field in heart histological features. C, Relative transcript level of *Tgfb1*,*Col1a1*, and *Col3a1* in hearts assessed by real‐time quantitative polymerase chain reaction. Error bars represent mean±SD (n=12 for each WT and KO experimental group in sham conditions, and n=16 for each experimental AngII condition). \**P*\<0.05, \*\*\**P*\<0.001 indicate significant differences between sham and AngII group in the same mouse strain. ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.005, ^\#\#\#^ *P*\<0.001 indicate significant difference between WT and KO.](JAH3-7-e008441-g003){#jah33244-fig-0003}

![Exacerbated left ventricular systolic dysfunction in insulin‐like peptide 6--knockout (Insl6‐KO) mice in the isoproterenol (Iso) injection model compared with wild‐type (WT) mice. A, Timeline for Iso‐induced cardiac remodeling in Insl6‐KO (KO) mice and littermate control WT mice. B, Representative M‐mode images of left ventricle (LV) by echocardiography at 13 days of Iso injection. C, Cardiac function and morphological parameters from echocardiography measurements; LV diastolic dimension (LVDd), LV systolic dimension (LVDs), fractional shortening (FS), and ejection fraction (EF) are shown. D, Absolute wall thickness and relative wall thickness are calculated from echocardiogram measurements. Echocardiographic parameters were performed in triplicate for each mouse, except for the determination of EF. E, Relative transcript levels of *Nppa* and *Nppb* in hearts assessed by real‐time quantitative polymerase chain reaction. Error bars represent mean±SD (n=8, 6, 12, and 10 for WT‐sham, KO‐sham, WT‐Iso, and KO‐Iso, respectively). BP indicates blood pressure. \**P*\<0.05 indicates significant differences between sham and isoproterenol group in the same mouse strain. ^\#^ *P*\<0.05 indicates significant difference between WT and KO.](JAH3-7-e008441-g004){#jah33244-fig-0004}

![Advanced cardiac fibrosis in insulin‐like peptide 6--knockout (KO) mice in the isoproterenol (Iso) model compared with wild‐type (WT) mice. A, Heart sections stained by Picrosirius Red staining. Representative images of interstitial left ventricular fibrosis of endocardium are shown. B, Cardiac fibrosis area was quantified as pixel count. C, Relative transcript level of *Tgfb1*,*Col1a1*, and *Col3a1* in hearts assessed by real‐time quantitative polymerase chain reaction. Error bars represent mean±SD (n=8, 6, 12, and 10 for WT‐sham, KO‐sham, WT‐Iso, and KO‐Iso, respectively). \**P*\<0.05, \*\**P*\<0.005 indicate significant differences between sham and isoproterenol group in the same mouse strain. ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.005 indicate significant differences between WT and KO.](JAH3-7-e008441-g005){#jah33244-fig-0005}

###### 

Physiological Findings of WT and Insl6‐Knockout Mice Induced With or Without AngII

  Variable                                              Sham         AngII                                             
  ----------------------------------------------------- ------------ ------------ -------- ------------- ------------- ---------
  BW, g                                                 27.44±2.09   27.65±2.40   0.9642   24.48±2.01    24.43±1.97    0.9976
  HW/TL, mg/mm[b](#jah33244-note-0005){ref-type="fn"}   5.87±0.59    5.69±0.55    0.8972   7.50±1.32     8.42±1.40     0.0430
  HW/BW, mg/g[b](#jah33244-note-0005){ref-type="fn"}    4.91±0.51    4.71±0.41    0.8040   6.87±0.93     7.903±1.10    0.0019
  LW/TL, mg/mm[c](#jah33244-note-0006){ref-type="fn"}   7.14±1.42    6.81±1.45    0.8773   6.89±1.73     8.40±2.30     0.0430
  LW/BW, mg/g[c](#jah33244-note-0006){ref-type="fn"}    5.94±1.00    5.61±0.99    0.8253   6.40±1.38     7.80±2.06     0.0190
  Systolic BP, mm Hg                                    106.4±5.21   109.3±8.72   0.9746   156.3±10.41   156.2±11.64   \>0.999

Data are shown as mean±SD. AngII indicates angiotensin II; BP, blood pressure; BW, body weight; HW, heart weight; Insl6, insulin‐like peptide 6; LW, lung weight; TL, tibia length; WT, wild type.

Ordinary 2‐way ANOVA, Sidak\'s multiple comparison test between WT and knockout in the same experimental group.

HW is normalized by TL (HW/TL) or BW (HW/BW).

LW is normalized by TL (LW/TL) or BW (LW/BW).

###### 

Organ Weight and BP at End Points: WT and Insl6‐Knockout Mice Induced With or Without Isoproterenol Challenge

  Variable                                              Sham          Isoproterenol                                        
  ----------------------------------------------------- ------------- --------------- -------- ------------- ------------- --------
  BW, g                                                 27.30±0.870   27.33±0.954     0.9996   27.43±0.635   28.64±0.472   0.3554
  HW/TL, mg/mm[b](#jah33244-note-0009){ref-type="fn"}   5.378±0.164   5.419±0.181     0.9925   5.862±0.150   6.399±0.332   0.1444
  HW/BW, mg/g[b](#jah33244-note-0009){ref-type="fn"}    4.483±0.146   4.515±0.087     0.9930   4.901±0.107   5.070±0.279   0.7555
  LW/TL, mg/mm[c](#jah33244-note-0010){ref-type="fn"}   6.026±0.140   6.491±0.191     0.8317   6.855±0.125   8.123±0.933   0.1260
  LW/BW, mg/g[c](#jah33244-note-0010){ref-type="fn"}    5.016±0.088   5.435±0.257     0.8016   5.740±0.065   6.444±0.769   0.3713
  Systolic BP, mm Hg                                    125.7±1.452   120.0±3.100     0.8499   117.4±7.115   114.4±8.28    0.9609

BP indicates blood pressure; BW, body weight; HW, heart weight; Insl6, insulin‐like peptide 6; LW, lung weight; TL, tibia length; WT, wild type.

Ordinary 2‐way ANOVA, Sidak\'s multiple comparison test between WT and knockout in the same experimental group.

HW is normalized by TL (HW/TL) or BW (HW/BW).

LW is normalized by TL (LW/TL) or BW (LW/BW).

![Recombinant insulin‐like peptide 6 (INSL6) protein attenuated left ventricular (LV) systolic dysfunction caused by isoproterenol (Iso) in wild‐type (WT) mice. A, Timeline for administration of human recombinant INSL6 protein (INSL6, 70 nmol/kg per day) or vehicle to Iso‐injected C57BL/6N WT mice. B, Representative M‐mode images of LV by echocardiography at 10 days of Iso injection. C, Echocardiography‐measured LV diastolic dimension (LVDd), LV systolic dimension (LVDs), fractional shortening (FS), and ejection fraction (EF) were shown. D, Absolute wall thickness and relative wall thickness are calculated from echocardiogram measurements. Echocardiographic parameters were measured in triplicate for each mouse, except for the determination of EF. E, Relative transcript levels of *Nppa* and *Nppb* in hearts assessed by real‐time quantitative polymerase chain reaction. Error bars represent mean±SD (n=9 for Iso+vehicle, n=8 for Iso+INSL6). BP indicates blood pressure; and KO, knockout. \**P*\<0.05 indicates significant differences found between 2 groups.](JAH3-7-e008441-g006){#jah33244-fig-0006}

![Recombinant insulin‐like peptide 6 (INSL6) protein attenuated isoproterenol (Iso)--induced cardiac fibrosis in wild‐type (WT) mice. A, Representative Picrosirius Red staining images for hearts from C57BL6/N mice injected with 10 days of Iso with continuous vehicle or INSL6 protein administration. Whole heart (top) and zoomed‐in left ventricle (LV; bottom) images were shown. B, Cardiac fibrosis area was quantified by pixel count from zoomed‐in LV images. C, Relative transcript level of *Tgfb1*,*Col1a1*, and *Col3a1* in hearts assessed by real‐time quantitative polymerase chain reaction. Error bars represent mean±SD (n=9 for Iso+vehicle, n=8 for Iso+INSL6). KO indicates knockout. \**P*\<0.05 indicates significant differences found between 2 groups.](JAH3-7-e008441-g007){#jah33244-fig-0007}

###### 

Organ Weight and BP at the Terminal End Point: C57BL/6 WT Mice Treated With Isoproterenol and Recombinant INSL6 Protein or Vehicle

  Variable                                              Isoproterenol                  
  ----------------------------------------------------- --------------- -------------- --------
  BW, g                                                 29.00±0.5774    29.38±0.6529   0.6725
  HW/TL, mg/mm[b](#jah33244-note-0013){ref-type="fn"}   6.281±0.1688    6.104±0.1297   0.4130
  HW/BW, mg/g[b](#jah33244-note-0013){ref-type="fn"}    4.899±0.1015    4.679±0.0729   0.0936
  LW/TL, mg/mm[c](#jah33244-note-0014){ref-type="fn"}   7.024±0.1883    6.319±0.157    0.0110
  LW/BW, mg/g[c](#jah33244-note-0014){ref-type="fn"}    5.49±0.1737     4.842±0.0857   0.0034
  Systolic BP, mm Hg                                    111.6±2.511     112.8±4.221    0.8163

BP indicates blood pressure; BW, body weight; HW, heart weight; INSL6, insulin‐like peptide 6; LW, lung weight; TL, tibia length; WT, wild type.

Unpaired *t* test, 2 tailed.

HW is normalized by TL (HW/TL) or BW (HW/BW).

LW is normalized by TL (LW/TL) or BW (LW/BW).

Results {#jah33244-sec-0016}
=======

Impaired Cardiac Systolic Function in Insl6‐Knockout Mice in the AngII Model {#jah33244-sec-0017}
----------------------------------------------------------------------------

To investigate the role of endogenous INSL6 in a murine model of heart failure, wild‐type (WT) and Insl6‐knockout mice were infused with AngII or vehicle for 2 weeks (Figure [1](#jah33244-fig-0001){ref-type="fig"}A). In the sham state, there were no significant differences with respect to body weight (BW), systolic blood pressure, or cardiac function between WT and knockout mice (Table [2](#jah33244-tbl-0002){ref-type="table"}). With AngII infusion, heart weight (HW) normalized to tibia length (TL) or BW was significantly increased in Insl6‐knockout mice compared with WT mice group (HW/TL, *P*=0.043; and HW/BW, *P*=0.0019; Table [2](#jah33244-tbl-0002){ref-type="table"}). Similarly, the lung weight (LW) of AngII‐infused Insl6‐knockout mice was significantly greater than that of AngII‐infused WT mice (LW/TL, *P*=0.043; and LW/BW, *P*=0.019; Table [2](#jah33244-tbl-0002){ref-type="table"}), indicative of lung congestion.

Echocardiographic analysis showed that AngII infusion led to significant concentric hypertrophy in both strains (Figure [1](#jah33244-fig-0001){ref-type="fig"}B). Under these conditions, WT mice treated with AngII maintained cardiac systolic function, as represented by lack of changes in FS and EF that was accompanied by increased wall thickness and reduced LV chamber size (Figure [1](#jah33244-fig-0001){ref-type="fig"}C and [1](#jah33244-fig-0001){ref-type="fig"}D). In contrast, Insl6‐knockout mice infused with this dose of AngII displayed exacerbated cardiac dysfunction compared with WT mice treated with AngII (22.6% \[*P*=0.001\] and 16.5% \[*P*=0.001\] reductions in FS and EF, respectively) (Figure [1](#jah33244-fig-0001){ref-type="fig"}C). This was accompanied by greater LV chamber dilatation and reductions in wall thickness (Figure [1](#jah33244-fig-0001){ref-type="fig"}C and [1](#jah33244-fig-0001){ref-type="fig"}D). In histological analyses, cardiomyocyte cross‐sectional area was significantly increased in AngII group compared with sham group in WT mice, and this increase of cardiomyocyte size was significantly attenuated in Insl6‐knockout mice compared with WT mice (*P*=0.014), suggesting chamber dilatation under these conditions (Figure [2](#jah33244-fig-0002){ref-type="fig"}). We also investigated the expression of cardiac natriuretic peptides that serve as biomarkers for predicting the onset of heart failure.[36](#jah33244-bib-0036){ref-type="ref"} Although AngII infusion upregulated *Nppa* and *Nppb* mRNA expression in hearts from both strains of mice, Insl6‐knockout mice treated with AngII showed increases in *Nppa* and *Nppb* mRNA expression compared with WT mice (*P*=0.0314 and 0.0408, respectively, when performing unpaired *t* tests on the 2 AngII‐infused groups) (Figure [1](#jah33244-fig-0001){ref-type="fig"}E). Collectively, these data suggest that Insl6 deficiency exacerbates pathological cardiac remodeling in response to continuous AngII stimulation.

Exacerbated Cardiac Fibrosis in AngII‐Infused Insl6‐Knockout Mice {#jah33244-sec-0018}
-----------------------------------------------------------------

To investigate the role of INSL6 on fibrosis associated with cardiac dysfunction, sections of hearts from WT and Insl6‐knockout mice, treated with AngII or vehicle infusion for 2 weeks, were stained with Picrosirius Red and quantified. AngII infusion induced significant cardiac fibrosis in WT mice in the interstitium and perivascular area of the LV (*P*\<0.0001 and *P*=0.0255, respectively; Figure [3](#jah33244-fig-0003){ref-type="fig"}A and [3](#jah33244-fig-0003){ref-type="fig"}B). Greater AngII‐induced fibrosis was observed in the hearts of Insl6‐knockout mice compared with WT mice (*P*=0.0015, *P*=0.0004, and *P*=0.0089, respectively; Figure [3](#jah33244-fig-0003){ref-type="fig"}A and [3](#jah33244-fig-0003){ref-type="fig"}B). The expression of *Tgfb1*, a key mediator of fibrosis, was also significantly increased in Insl6‐knockout compared with WT mice (*P*=0.0058; Figure [3](#jah33244-fig-0003){ref-type="fig"}C). Correspondingly, there was significant upregulation in *Col1a1* and *Col3a1* mRNA expression in the Insl6‐knockout hearts treated with AngII compared with WT (*P*=0.042 and *P*=0.0066, respectively; Figure [3](#jah33244-fig-0003){ref-type="fig"}C). Cytokine expression was analyzed because it is widely recognized that inflammation triggers tissue fibrosis. There was a significant increase in *IL6* mRNA expression level and a trend toward increase in *Tnf*α in Insl6‐knockout mice compared with WT mice (*P*\<0.05 and *P*=0.149, respectively) (data not shown). However, an increase in the infiltration of inflammatory cells (lymphocytes and macrophage) in Insl6‐knockout mice hearts was not detected by real‐time quantitative polymerase chain reaction and histological analysis (data not shown). Collectively, these results indicate that endogenous INSL6 plays a central role in limiting cardiac fibrosis in the model of AngII‐induced cardiac dysfunction.

Isoproterenol‐Induced LV Systolic Dysfunction Is Exacerbated in Insl6‐Knockout Mice {#jah33244-sec-0019}
-----------------------------------------------------------------------------------

A moderate‐dose isoproterenol administration to WT and Insl6‐knockout mice was used to investigate cardiac dysfunction and fibrosis in a model that displays more uniform cardiac fibrosis than the AngII infusion model (Figure [4](#jah33244-fig-0004){ref-type="fig"}A). In WT mice, this dose of isoproterenol (50 mg/kg per day IP) led to an increase in HW (HW/TL and HW/BW; unpaired *t* test *P*=0.0413 and *P*=0.0300, respectively; Table [3](#jah33244-tbl-0003){ref-type="table"}) but had little or no effect on cardiac function (Figure [4](#jah33244-fig-0004){ref-type="fig"}B and [4](#jah33244-fig-0004){ref-type="fig"}C). In contrast, Insl6‐knockout mice displayed significantly worsened cardiac systolic function after treatment with isoproterenol. Specifically, Insl6‐knockout hearts displayed a more dilated LV systolic dimension (*P*=0.0306; Figure [4](#jah33244-fig-0004){ref-type="fig"}C), and parameters for cardiac systolic function, FS and EF, were also significantly reduced in Insl6‐knockout mice compared with WT mice (*P*=0.0493 and *P*=0.0405, respectively; Figure [4](#jah33244-fig-0004){ref-type="fig"}C). In isoproterenol‐treated mice, a significant upregulation in *Nppb* mRNA level was observed in the Insl6‐knockout strain (*P*=0.0152) despite the lack of changes in wall thickness or *Nppa* expression (Figure [4](#jah33244-fig-0004){ref-type="fig"}D and [4](#jah33244-fig-0004){ref-type="fig"}E).

Isoproterenol‐Induced LV Interstitial Fibrosis Is Exacerbated in Insl6‐Knockout Mice {#jah33244-sec-0020}
------------------------------------------------------------------------------------

Compared with AngII, isoproterenol administration induced a diffuse and more uniform pattern of interstitial LV fibrosis primarily in the endocardium of both WT and Insl6‐knockout mice (Figure [5](#jah33244-fig-0005){ref-type="fig"}A). Quantification by Picrosirius Red staining of sections of the LV revealed significantly increased isoproterenol‐induced cardiac fibrosis in Insl6‐knockout mice compared with WT mice (*P*=0.0073; Figure [5](#jah33244-fig-0005){ref-type="fig"}B). Similarly, isoproterenol treatment led to significant increases in *Tgfb1* and *Col3a1* mRNA expression in Insl6‐knockout mice (*P*=0.0167 and *P*=0.0483, respectively; Figure [5](#jah33244-fig-0005){ref-type="fig"}C), whereas a trend of increased *Col1a1* mRNA was observed in Insl6‐knockout mice (unpaired *t* test *P*=0.1148; Figure [5](#jah33244-fig-0005){ref-type="fig"}C).

Recombinant Human INSL6 Protein Protects the Heart From Isoproterenol‐Induced Cardiac Systolic Dysfunction and Fibrosis {#jah33244-sec-0021}
-----------------------------------------------------------------------------------------------------------------------

To investigate whether INSL6 protein protects against cardiac remodeling, a recombinant human INSL6 protein formulation (70 nmol/kg per day) was administered continuously via SC osmotic pump in WT C57BL/6N male mice 2 days before the initiation of isoproterenol treatment (Figure [6](#jah33244-fig-0006){ref-type="fig"}A). INSL6 protein treatment significantly reduced LW (LW/TL and LW/BW, *P*=0.011 and *P*=0.0034, respectively; Table [4](#jah33244-tbl-0004){ref-type="table"}). Isoproterenol‐induced changes in LV systolic and diastolic dimensions were significantly attenuated by INSL6 protein treatment compared with vehicle control group (*P*=0.0236 and *P*=0.0068, respectively; Figure [6](#jah33244-fig-0006){ref-type="fig"}B and [6](#jah33244-fig-0006){ref-type="fig"}C, left panel). Isoproterenol‐induced LV systolic dysfunction was also attenuated by INSL6 protein treatment (*P*=0.0395 for FS and *P*=0.0391 for EF; Figure [6](#jah33244-fig-0006){ref-type="fig"}C, right panel). Although there was no detectable effect on LV wall thickness (Figure [6](#jah33244-fig-0006){ref-type="fig"}D), INSL6 protein treatment significantly attenuated isoproterenol‐induced *Nppb* mRNA expression compared with vehicle control (*P*=0.0104; Figure [6](#jah33244-fig-0006){ref-type="fig"}E).

The INSL6‐treated group displayed significantly attenuated interstitial fibrosis compared with the vehicle control group (*P*=0.00473; Figure [7](#jah33244-fig-0007){ref-type="fig"}A and [7](#jah33244-fig-0007){ref-type="fig"}B). Correspondingly, INSL6 protein treatment resulted in a reduction of *Tgfb1* mRNA expression (*P*=0.0411) and trends toward reduction in *Col1a1* and *Col3a1* mRNA expression compared with the vehicle control condition (Figure [7](#jah33244-fig-0007){ref-type="fig"}C). Moreover, INSL6 protein administration led to the upregulated expression of matrix metalloproteinase 2 mRNA compared with vehicle control (*P*=0.0003) (data not shown), suggesting that INSL6 protein administration can also suppress cardiac fibrosis by promoting its degradation.

Transcriptome Signature of INSL6 Treatment in Response to Isoproterenol‐Induced Heart Failure {#jah33244-sec-0022}
---------------------------------------------------------------------------------------------

To develop a nonbiased assessment of gene regulatory alterations associated with INSL6‐mediated cardioprotection, Affymetrix microarray transcriptome profiling was performed on sham hearts, isoproterenol‐challenged hearts treated with vehicle, and isoproterenol‐challenged hearts treated with INSL6 protein. Principle component analysis showed that both isoproterenol and INSL6 infusion administration had significant impacts in gene expression profiling in hearts from C56BL/6N male mice. Isoproterenol administration significantly altered the gene expression profile along the Principle component 1 axis (ie, *x* axis on Figure [8](#jah33244-fig-0008){ref-type="fig"}A), which contributes to 51% of the total gene expression variance. INSL6 protein also significantly alters the gene expression along PC2 axis (ie, *y* axis on Figure [8](#jah33244-fig-0008){ref-type="fig"}A), which contributes to 49% of the total variance. Using a 1.5‐fold expression change as a cutoff, 455 genes were identified whose expression was altered by isoproterenol (sham versus isoproterenol) and 529 genes were identified whose expression was altered by INSL6 protein (isoproterenol versus isoproterenol with INSL6 protein) (Figure [8](#jah33244-fig-0008){ref-type="fig"}B and [8](#jah33244-fig-0008){ref-type="fig"}C). Among these, expression of 160 genes was altered by both isoproterenol and INSL6 protein treatment, as shown by the Venn diagram in Figure [8](#jah33244-fig-0008){ref-type="fig"}B. Of these 160 genes, a large majority (ie, 147 genes) were regulated in an opposing manner; 74 genes were upregulated by isoproterenol challenge and downregulated by INSL6 protein treatment, and 73 genes were downregulated by isoproterenol challenge and upregulated by INSL6 protein treatment. A list of these genes can be found in Table [S1](#jah33244-sup-0001){ref-type="supplementary-material"}.

![Global gene expression analysis for hearts from C57BL6/N mice treated with or without recombinant insulin‐like peptide 6 (INSL6) protein in isoproterenol (Iso) model. Three heart samples were pooled and profiled by Affymetrix Mouse Gene 2.0ST array. A, Principle component analysis of global gene expression in hearts from saline‐injected mice (Sham, open circle), Iso‐injected and vehicle‐administrated mice (Iso+vehicle, filled circle), and Iso‐injected and recombinant INSL6 protein--administrated mice (Iso+INSL6, triangle). B, Venn diagram depicts the number of differentially expressed genes that were altered by Iso injection (dotted circle, comparison between Sham and Iso+vehicle group) alone, by recombinant INSL6 protein administration (solid line circle, comparison between Iso+vehicle and Iso+INSL6 group) alone, or by both (overlapped area between dotted and solid line circle). Differentially expressed genes were defined as a fold change \>1.5‐fold between 2 groups. C, Histogram depicts the number of upregulated and downregulated genes with fold change \>1.5‐fold. D, Top 4 enriched canonical signaling pathways in genes differentially expressed by INSL6 protein on Iso‐treated heart. A multiple‐testing corrected *P* value was calculated using the Benjamini‐Hochberg method to control the rate of false discoveries. The ratio value represents the number of molecules that belong to the Ingenuity pathway analysis database‐defined pathway. *Z* score predicts activation or repression of pathway. IL‐1 indicates interleukin‐1; LPS, lipopolysaccharide; LXR, liver X receptor; and RXR, retinoid X receptor.](JAH3-7-e008441-g008){#jah33244-fig-0008}

To identify the pathways altered by INSL6 protein treatment, canonical pathways represented by the differentially expressed genes were identified using the literature‐based Ingenuity Pathway Analysis using a *Z*‐score criterion ≥1.0 (Figure [8](#jah33244-fig-0008){ref-type="fig"}D). INSL6 protein treatment induced the activation of genes associated with "liver X receptor (Lxr)/retinoid X receptor (Rxr) signaling" (*P*\<0.001, *Z* score=4.8) and downregulated genes classified as "lipopolysaccharide--interleukin‐1 mediated inhibition of RXR function" (*P*\<0.001, *Z* score=−3.3). INSL6 treatment also modulated genes associated with "acute‐phase response signaling" (33 upregulated and 1 downregulated; *P*\<0.001, *Z* score=1.8) and "complement system" (11 upregulated and 1 downregulated; *P*\<0.001, *Z* score=1.1).

Discussion {#jah33244-sec-0023}
==========

Heart failure is a progressive syndrome in which structural and functional abnormalities of the heart lead to the systemic failure to sufficiently deliver oxygen and nutrients to metabolically active tissues.[37](#jah33244-bib-0037){ref-type="ref"} The treatment of heart failure is challenging, involving prolonged in‐hospital recovery times and frequent readmission. It is predicted that the prevalence of heart failure will increase 46% between 2012 and 2030.[38](#jah33244-bib-0038){ref-type="ref"} Thus, the development of novel treatments for heart failure is warranted. Recently, a recombinant human relaxin‐2 formulation, referred to as serelaxin, has been assessed as a potential therapeutic agent for acute heart failure, with mixed success.[39](#jah33244-bib-0039){ref-type="ref"}, [40](#jah33244-bib-0040){ref-type="ref"} In the phase 3 RELAX‐AHF (Serelaxin, Recombinant Human Relaxin‐2, for Treatment of Acute Heart Failure) trial of patients with acute heart failure, those who received a 16‐hour infusion of serelaxin showed improvements in biomarker expression patterns reflecting cardiac, renal, and hepatic damage, and these improvements correlated with reductions in all‐cause mortality by day 180.[39](#jah33244-bib-0039){ref-type="ref"}, [41](#jah33244-bib-0041){ref-type="ref"} In animal models, serelaxin and other formulations of recombinant relaxin‐2 have been shown to be protective in experimental models of cardiac injury.[15](#jah33244-bib-0015){ref-type="ref"}, [16](#jah33244-bib-0016){ref-type="ref"}, [17](#jah33244-bib-0017){ref-type="ref"}, [18](#jah33244-bib-0018){ref-type="ref"}, [42](#jah33244-bib-0042){ref-type="ref"}, [43](#jah33244-bib-0043){ref-type="ref"}

Although the relaxin/INSL family displays limited sequence homology between members, we examined whether INSL6 can affect cardiac remodeling in 2 pharmacological models of murine heart failure. Part of our rationale for undertaking this study was our prior observations that INSL6 had roles in attenuating skeletal muscle injury.[20](#jah33244-bib-0020){ref-type="ref"}, [22](#jah33244-bib-0022){ref-type="ref"} The present study demonstrates that genetic INSL6 deficiency results in exacerbated LV systolic dysfunction in the AngII‐infusion and isoproterenol‐treatment models of heart failure in mice. In both models, cardiac fibrosis was significantly exacerbated by INSL6 deficiency, suggesting antifibrotic actions of INSL6 as a component of the mechanism that limits the progression of heart failure. Furthermore, the administration of human INSL6 protein to isoproterenol‐treated WT mice was found to significantly improve LV systolic function and reduce cardiac fibrosis. In this study, we tested the efficacy of a chemically synthesized INSL6 protein produced by methods that yield peptides joined by multiple disulfide bindings and retain oxidation‐sensitive residues.[32](#jah33244-bib-0032){ref-type="ref"} However, INSL6 may be subjected to additional posttranslational modifications in vivo, and additional investigations on the structure‐function relationships of recombinant INSL6 proteins will need to be defined by future studies.

AngII is a potent smooth muscle mitogen and hypertrophic agent that induces fibrosis via activation of Angiotensin II receptor type 1.[44](#jah33244-bib-0044){ref-type="ref"}, [45](#jah33244-bib-0045){ref-type="ref"} Consistent with other studies under the conditions of our assays,[26](#jah33244-bib-0026){ref-type="ref"} we find that low doses of AngII infusion in WT mice induced significant cardiac hypertrophy without causing significant cardiac systolic failure. Isoproterenol acts on β‐adrenergic receptors, resulting in increased heart rate and cardiac overload.[25](#jah33244-bib-0025){ref-type="ref"}, [26](#jah33244-bib-0026){ref-type="ref"} Consequently, increased myocardium oxygen demand and stress results in cardiac remodeling accompanied by myocardial necrosis, hypertrophy, and fibrosis.[25](#jah33244-bib-0025){ref-type="ref"}, [44](#jah33244-bib-0044){ref-type="ref"} In this study, we found that a moderate‐dose isoproterenol treatment resulted in LV systolic dysfunction and fibrosis without inducing cardiac hypertrophy. Notably, the patterns of fibrosis differed between these 2 pharmacological models. AngII‐induced cardiac fibrosis was focal and observed mainly in the perivascular area of coronary arteries. On the other hand, isoproterenol‐induced cardiac fibrosis was diffusely distributed throughout the LV endocardium. In both models, INSL6 deficiency exacerbated cardiac fibrosis. Correspondingly, Insl6‐knockout mice displayed increased expression of a key mediator of fibrosis, *Tgfb1*, and procollagen synthesis (ie, *Col3a1*) in both models. These data demonstrate, for the first time, the antifibrotic actions of Insl6. In comparison, the antifibrosis effect of relaxin‐2 has been well characterized.[46](#jah33244-bib-0046){ref-type="ref"}, [47](#jah33244-bib-0047){ref-type="ref"} Relaxin‐2 knockout mice display age‐dependent increases in fibrosis in the heart, lung, kidney, and reproductive systems.[46](#jah33244-bib-0046){ref-type="ref"} At the cellular level, relaxin‐2 administration has been shown to counteract the effects of transforming growth factor‐β or AngII on fibroblast proliferation and differentiation, reduce collagen secretion, and promote matrix metalloproteinase activities.[48](#jah33244-bib-0048){ref-type="ref"} Similarly, we find that recombinant INSL6 can inhibit AngII‐induced *Cola1a* transcript expression and suppress transcription of a reporter gene from an Smad binding element in cultured fibroblast cell lines stimulated with transforming growth factor‐β (data not shown). Given the divergence in sequence homology between INSL6 and relaxin‐2, these results suggest that antifibrotic actions may be a general property shared by the broader relaxin/INSL family members.

At baseline, Insl6‐deficient mice exhibit normal cardiac function that is no different from WT mice. These findings are in contrast with relaxin‐2--deficient mice that develop mild cardiomyopathy characterized by increased atrial weight and fibrosis accompanied by impaired LV diastolic filling with age.[13](#jah33244-bib-0013){ref-type="ref"} With both AngII and isoproterenol administration, Insl6‐knockout mice displayed significantly worse LV systolic function compared with WT mice, as evidenced by increased LV internal systolic dimension and reduced FS and EF. Increased or trends of increased expression of the cardiac natriuretic peptides, *Nppa* and *Nppb*, were also detected in the Insl6‐knockout mice. Relaxin‐2 serves as a vasodilator of coronary blood vessels in pregnancy and heart failure, and this is thought to be mediated by stimulating natriuretic peptide A secretion[49](#jah33244-bib-0049){ref-type="ref"} and inhibiting endothelin‐1 production.[50](#jah33244-bib-0050){ref-type="ref"} Because INSL6 deficiency and supplementation showed mixed results on *Nppa* transcript level in both models, these data suggest that INSL6 may act through mechanisms that differ from, as well as mechanisms that are similar to, relaxin‐2.

At the molecular level, relaxin‐2/serelaxin binds to the G‐protein--coupled receptor relaxin family peptide receptor 1 and signals via the activation of cAMP. In turn, this is reported to upregulate vascular endothelin B receptor, nitric oxide, and vascular endothelial growth factor production, resulting in decreased vascular resistance and increased cardiac output.[12](#jah33244-bib-0012){ref-type="ref"}, [51](#jah33244-bib-0051){ref-type="ref"} In contrast, INSL6, however, does not bind to relaxin family peptide receptor 1 nor activate cAMP (data not shown). Furthermore, the mechanisms of INSL6 action have received little attention, and nothing is known about how this protein confers cardiac protection. To begin to address this issue, unbiased gene profiling was performed on isoproterenol‐challenged mice that were treated with INSL6 protein or vehicle (Figure [8](#jah33244-fig-0008){ref-type="fig"}). This analysis revealed that INSL6 protein treatment contributes to significant transcriptomic changes in hearts that are challenged by isoproterenol infusion. Among the dysregulated genes attributable to isoproterenol challenge, 35% (n=160) genes were also altered by INSL6 protein treatment. Among those altered by both isoproterenol and INSL6 effect on isoproterenol, most of these genes (91.8%) were altered in an opposing manner. We thus focused on the signaling pathways enriched by INSL6 protein treatment on isoproterenol‐challenged heart using Ingenuity Knowledgebase. The LXR/RXR signaling pathway is one of the enriched pathways affected by INSL6 protein treatment (Figure [8](#jah33244-fig-0008){ref-type="fig"}D). LXRs α and β belong to the nuclear receptor superfamily of ligand‐activated transcription factors. It heterodimerizes with RXR and binds to an LXR response element in the regulatory regions of target genes.[52](#jah33244-bib-0052){ref-type="ref"}, [53](#jah33244-bib-0053){ref-type="ref"} On binding of cholesterol and oxysterol metabolites, LXR/RXR heterodimer undergoes a conformational change that transactivates target gene expression. Several lines of evidence suggest that LXR/RXR are important cardiac transcriptional regulators of LV remodeling.[54](#jah33244-bib-0054){ref-type="ref"} For instance, cardiac‐specific LXR α transgenic mice have been shown to be protected from AngII or transverse aortic construction--induced LV hypertrophy, cardiac function, and fibrosis.[52](#jah33244-bib-0052){ref-type="ref"} In WT mice, LXR agonist administration attenuated cardiac hypertrophy, systolic dysfunction, and fibrosis induced by transverse aortic construction.[55](#jah33244-bib-0055){ref-type="ref"}

At the cellular level, LXRs have been shown to attenuate hypertrophy in neonatal cardiomyocyte via improved metabolic substrate use, downregulation of collagen synthesis, and profibrotic gene expression in cardiac fibroblasts[55](#jah33244-bib-0055){ref-type="ref"}; and they have reduced apoptosis by inhibition of caspase‐3 protein expression.[56](#jah33244-bib-0056){ref-type="ref"} Analysis of the gene profiling data revealed that the expression of cholesterol 7α‐hydroxylase (*Cyp7a*), a target gene activated by LxRα,[57](#jah33244-bib-0057){ref-type="ref"} was significantly increased by 3.3‐fold in INSL6‐treated mouse hearts compared with nontreated mouse hearts subjected to isoproterenol insult. Overexpression of the Cyp7a1 in cultured mouse macrophages has been shown to enzymatically convert cholesterol to 7α‐hydroxy‐cholesterol, thus inducing cholesterol efflux.[58](#jah33244-bib-0058){ref-type="ref"} Cyp7a‐induced cholesterol efflux in macrophages can be further enhanced by apolipoprotein A‐I (Apoa1). Interestingly, INSL6 treatment significantly increased *Apoa1* expression by 4.6‐fold as well as other members in the family, such as *ApoC2*,*ApoC3*,*Apoe*, and *Apoh* (1.5‐, 4.2‐, 1.6‐, and 2.7‐fold, respectively). In related studies, we found that INSL6 administration upregulated expression of several LXR/RXR target genes in isoproterenol‐treated heart, including *Scd1* and *Abca1*, that control cholesterol and fatty acid homeostasis (data not shown). Thus, it is tempting to speculate that INSL6 mediates its cardioprotective actions via changes in metabolite use through regulation of LXR/RXR signaling, but further studies are needed to determine the causal role of LXR/RXR in INSL6‐mediated cardioprotection.

Conclusion {#jah33244-sec-0024}
==========

Endogenous INSL6 protects heart from adverse cardiac remodeling and fibrosis induced by isoproterenol or AngII administration to mice. Recombinant human INSL6 protein protected WT mice from isoproterenol‐induced dysfunction and fibrosis. These data suggest that INSL6 and perhaps other members of the relaxin/INSL family have therapeutic potential in the treatment of heart failure.
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